Abstract: In this paper, we demonstrate the light interaction mechanism of black phosphorus (BP) in two different structures: the photonic crystal waveguide (PCW) and photonic crystal mirror (PCM). The optical characteristics are simulated by the numerical method finite difference time domain. Specifically, the coupled mode theory is used to investigate the light propagation in PCW structure integrated with BP. By optimizing the geometric parameters, an enhanced light absorption in BP with the maximum of 36.8% at 1550 nm could be obtained. Additionally, with the assistance of BP film, the ultracompact PCM used for a 90°bend connection can achieve a high-reflective efficiency at ∼94% for transverse electric (TE) mode incidence. It is demonstrated that these interesting structures can offer a new way to develop ultracompact photonic integrations based on two-dimensional materials at near infrared field.
Introduction
Over the past decade, 2D materials have been recognized as promising candidates for absorptive layers in novel photonic and optoelectronic applications. Compared with traditional bulk materials, these 2D materials exhibit fascinating advantages such as uniform absorption, high carrier mobility and optical modulation [1] - [7] . A variety of 2D optoelectronic devices have already been reported, such as transparent electrodes in displays [8] , [9] , photovoltaic modules [10] - [12] , optical modulators, plasmonic devices [13] - [16] , and flexible photoelectronic [17] , [18] . In this context, black phosphorus (BP) has attracted increasing attention due to its unique thickness dependent band gap. To our knowledge, graphene presents a band gap in the range of 0-0.2 eV [19] , [20] and the band gap of transition metal dichalcogenides only ranges from 1.0 to 2.0 eV [21] . It limits their potential in various optoelectronic applications. Instead, the band gap value of BP spans over a wide energy range, from ∼0.3 eV (for bulk BP) to 2 eV (for monolayer BP) [22] , [23] , which is not covered by any other 2D materials. Thereby, the thickness of BP can be adjusted to achieve a certain application. Moreover, as a layered structure material, BP thin films can be placed on different substrates, which are not suitable for traditional bulk semiconductors [24] , [25] . Actually, the most explored BP devices are photodetectors due to its adjustable bandgap, high carrier mobility, and flexibility in system integration. Lots of work has been done in achieving the broadband photodetector based on BP. It was reported that the photodetector based on BP thin film could operate in the wavelength range of 0.532-3.39 μm [26] . Besides, a black-phosphorus terahertz photodetector was also proposed in Ref. [27] . However, the weak absorption in atomically thin BP limits its application for optoelectronics especially in the near infrared region (NIR). To date, a number of substantial researches have been carried out to solve this problem. The gated multilayer BP photodetector integrated with a silicon (Si) photonic waveguide can operate under bias with a very low dark current (∼220 nA) and attain an intrinsic responsivity up to 657 mA W −1 at room temperature, which has a significant advantage over graphene-based devices [28] . Wang et al. also introduced a few-layer BP photodetector on the top of a Si waveguide and investigated its light-scattering patterns. It is confirmed that the photocurrent signals strongly depend on both the laser wavelength and polarization direction [29] .
In fact, compared with the conventional waveguide-based structure, photonic crystal (PhC) with photonic band gap (PBG) shows incomparable advantages including small footprint and high reflection efficiency, which has potential applications in many fields [30] , [31] . Recently, PhCs integrated with 2D materials, where 2D materials are utilized as a controlling layer to realize absorption enhancement, have attracted tremendous attention. Cao P et al. achieved the absorption enhancement in the embedded monolayer graphene by using a dimensional parity time symmetric PhC [32] . A graphene-based Fano-resonant photonic crystal was also reported [33] . The absorption in graphene can reach 77% within the telecommunications band. However, there is a lack of further detailed explanations about the light-matter interaction between 2D materials and PhC. In particular, only few researches were focusing on the interaction of the bend structure with 2D materials [34] .
In this paper, the light-matter interactions in two different structures based on BP are theoretically analyzed through coupled mode theory and light localization theory of PBG. The optical characteristics of the structures are thoroughly examined by absorption spectrum and electric intensity distribution. The results show that in the PCW structure, optical absorption in BP can be improved by increasing the BP thickness and achieve a maximum value at 36.8%. As for the ultracompact PCM used for 90°bend connection, by optimizing the dimensions, it can achieve a high reflective efficiency at ∼94%. The research provided by this work can guide the development of near-infrared optoelectronic applications based on BP.
Device Structures
As we all know, photonic crystals (PhCs) are artificial materials and the most interesting characteristic of them is the existence of photonic band gaps (PBGs). The mechanism of governing the formation of the band gap is based on Bragg reflections due to the crystal periodicity [35] . To determine the band gap, here we employ finite-time-domain difference (FDTD) method to model the structure of Si PhC: a triangular lattice PhC with air column. The lattice period is denoted by a and r represents radius of the air hole. As shown in Fig. 1 , by polarizing the orientation of the dipole sources in the x-y plane and along the z-direction, respectively, the transverse electric (TE) and TM band structures are obtained. Only several highly symmetric directional wave vectors in Brillouin zone are calculated such as M-K. The PBG of TE mode appears in the normalized frequency band of 0.23-0.37, which corresponds to the wavelength range from 1.3 μm to 2.1 μm, implying that electromagnetic waves within this frequency range will be blocked from passing through PhC. For the band gap of Si, the absorption at these operating frequencies is very little and can be neglected. It should be noted that there is no bandgap for the TM mode case.
As illustrated in Fig. 2 , the wavelength range, corresponding to PBG, is modeled as a function of r/a. For simplicity, one parameter was kept constant and the other varied in the simulations. We first consider tuning r and a is set as 500 nm. One can see an obvious redshift in wavelength range accompanied by the decline in its bandwidth as duty factor r/a decreases. Next, we discuss the tunability of a and r is set as 190 nm. It is clear that redshift appears when the duty factor decreases and the operating wavelength can extend to nearly 2.85 μm. In contrast to the impact of r on operating wavelength, a has a relatively smaller impact on the bandwidth of the wavelength range. Summarizing above discussions, the shift of wavelength is more sensitive to a while the bandwidth of the wavelength range is more dependent on r. Above all, by adjusting a and r, the characteristic of the operating wavelength can be modulated, which contributes to achieve the various photonic applications in the NIR. In the following simulations, to obtain a wider bandwidth of the operating wavelength, a and r are set as 500 nm and 190 nm, respectively. Fig. 3 shows the two different structures based on the PhC. The first one is the PCW and its top view is shown in Fig. 3(a) . The PCW consists of a waveguide W1 and a PhC with the BP absorption layer covered on the top. The thickness and width of the waveguide are 220 nm and 1 μm. The PhC can be fabricated by electron beam lithography and dry etching. A BP absorptive layer is deposited on top of the PhC area. Due to the fact that conventional waveguide-based reflectors have a large size and may cause significant optical loss, here we design a PCM based on BP. Fig. 3(b) depicts the top view of the PCM. The input waveguide is perpendicular to the output waveguide. The PhC mirror with a BP layer on the top is placed at the bend. The BP flake can be mechanically exfoliated from the bulk and then translated to the part of air holes on the PhC by using PDMS. L1, L2 are the first and second row of air holes in the PhC reflector, which can affect reflection efficiency. α represents the angle between the direction of incident waveguide and the PhC. H is the size of the PhC. The width of Si bend waveguide is 3 μm.
Results and Discussion

The Analysis for Absorption of BP in PCW
We first consider the absorption of BP in PCW. As shown in Fig. 4 , the transmission and reflection spectra of the PCW are modeled as a function of BP thickness. The incidence illuminates from the left side of the structure. According to the principle of total internal reflection in the edge of the PhC [34] , light travels out along the direction of waveguide except the light scattering into the PCW. The electric-field monitor was put in the PCW structure and the radii of the air holes in the first row on both sides of the waveguide were optimized to be 0.84r. The dielectric functions (ε) of BP calculated by Refs. [36] and [37] 
where ε 0 is the vacuum permittivity, j denotes the subband number, σ is the conductivity, represents the thickness of BP, ω is the angular frequency, k is the Boltzmann constant, T is the temperature, μ is the chemical potential, and τ is the electron relaxation time, respectively. It can be seen that the transmission is almost unchanged under an invariant incident light when the thickness of BP is less than 20 nm. As the thickness continues to increases, the transmission decreases obviously. For instance, the peak transmission of a 4-nm-thick BP layer is ∼80.5% while a decreased transmission of ∼38.7% can be observed at the thickness of 120 nm. Furthermore, the reflected light intensity almost keeps the same except at a thickness of 120 nm. These calculated values are the absorption or reflection of the entire structure. To further interpret the mechanism, it is necessary to calculate the exclusive absorption of BP in the structure.
As shown in Fig. 5(d) , the absorption spectrum is modeled as a function of BP thickness. The PCW−BP system is analyzed by coupled mode theory [38] , [39] . The absorption can be calculated by
where ω is the frequency evolving from the Poynting vector, E is the electric field intensity, and ε is the permittivity. The spatial electric field distributions in BP at the thicknesses of 10 nm and 150 nm (indicated by the white boxes) are shown in Figs. 5(a) and 5(b), respectively. For simplicity, the light scattering into air is neglected. By comparing Fig. 5(a) and Fig. 5(b) , we can see the electric field is more concentrated in the BP layer when the thickness of BP is 150 nm, which implies the stronger absorption. For comparison, we also plotted the electric field distribution in a stripe waveguide in Fig. 5(c) , where the BP layer was directly placed on the waveguide. Note that there is a larger light leakage into air (outside the white box) in the stripe waveguide than that in PCW.
For a better understanding, we calculated the optical absorption as a function of BP thickness for both structures (the stripe waveguide covered directly by the BP film and the PCW with the BP film), as shown in Fig. 5(d) . In general, the absorption increases along with the thickness of the BP for both structures. It is seen that there is little absorption (even less than 5%) when the thickness of BP is less than 4 nm. With the increase in the thickness, the PCW structure exhibits a large enhancement in the absorption, which is in good agreement with the above results of the optical intensity distributions [i.e., . It is concluded that the PCW structure can achieve larger enhancement in absorption than that of the stripe waveguide. Furthermore, for a PCW structure, when the thickness of BP is 150 nm, the absorption can reach 36.8%. According to Fig. 4 and Fig. 5(d) , the absorption and electric field distributions in the PCW can be calculated and obtained. The observation of these results can be conducive to understanding the light-matter interaction in the PCW.
Ultra-Compact Bend Waveguide With PCM and BP
According to previous reports, the traditional optical bend waveguides may lead to non-negligible optical loss, and it is also sensitive to the wavelength and bend guide radius of the waveguide. PhC can act as a mirror and reflect a large fraction of the energy incident in a broad bandwidth [35] . Hence, we propose PCM used for bend connection and investigate the reflective efficiency for four different bend waveguide structures: the stripe waveguide, the rib waveguide, the stripe waveguide with PhC mirror, and the stripe waveguide with PhC and BP. Figs. 6(a)-6(d) compare the electric field distributions in these structures. As shown in Fig. 6(a) , most incident light is localized at the edge of the stripe waveguide and then scatters into the air. The rib waveguide shows a similar phenomenon except a larger light scattering [see Fig. 6(b) ], indicating that there is a much lower reflective efficiency and the optical loss cannot be neglected. The optical loss including light scattering becomes less when the light propagates in the bend waveguide with PhC mirror as presented in Fig. 6(c) . Since the TE-light cannot transmit in the PhC region due to the PBG effect, PhC works as a reflector and most of the light is reflected to the output waveguide, which guarantees the strong power of the output light. The reflective efficiency is 79.7% at 1550 nm, which is much larger than 35.2% in the stripe waveguide and 21.6% in the rib waveguide. As for the PCM with BP, it can be clearly seen that the propagation paths of the incident light are almost the same with that of the PCM without BP. It is worth noting that, in contrast to the structure without BP, the PCM with BP shows less light scattering outside the waveguide at the bend. The reflective efficiency of the PCM with BP can reach ∼87.1%, which is larger than the other three structures. It should be understood that the loss of light may result from the reflection to the input waveguide or other undesired loss due to the diffraction effect of the quasi-grating [34] . Next, we analyze the influence of α on the reflection efficiency. Considering that the boundary air holes play a key role in increasing the efficiency, we optimize the positions of the first and second air holes (i.e., L1 and L2) in the PhC reflector. The optimal result is as follows: L1: X = x + 0.3, Z = z − 0.2, R1 = 1.18r; L2: Z = z − 0.1, and R2 = 1.05r. The existence of a small gap will result in the destructive multiple beam interference for the diffracted light, which can be conducive to suppressing most of the undesired diffraction and increasing the bend efficiency significantly. To determine the best placement of PCM and BP, the electric field distribution in x-y plane is modeled as a function of α. Electric field profiles of the optimized structure are shown in Fig. 7 . It can be seen that the distributions of electric field are quite different with the change of α. A strong electric field in output waveguide with little scattering into PhC can be observed at α = 30°. As α increases, the electric field is weaker accompanied by conspicuous optical loss. Consequently, we are focusing on the reflection efficiency of the PhCs at the angle of 30°. Now, we determine the impact of BP thickness on reflection efficiency. Fig. 8(a) gives the simulated results of reflective efficiencies for the PCW based on BP with the optimized geometric parameters. As shown in Fig. 8(a) , the efficiency spectra of the PCM structure at different BP thicknesses are plotted for TE mode incidence. In contrast to that at thicker BP, the reflection efficiency are larger at the thicknesses above 4 nm. When the thickness is 4 nm, the reflective efficiency over 80% can cover the wavelength range from 1300 nm to 1660 nm. By contrast, Fig. 8(b) describes the reflective efficiencies of the PCM structure with a 4-nm-thickness BP for TE mode and TM mode incidences, respectively. From 1300 to 1650 nm, the bend efficiency reaches the maximum value of 94% at the wavelength of 1574 nm in TE mode while the largest of bend efficiency is 64.5% at the wavelength of 1590 nm for TM mode case. The bend efficiency at 1550 nm in TE mode is close to that of a compact silicon-on-insulator (SOI) rib waveguide in previous work [40] . The corresponding electric field distributions are shown in the insets. It can be observed that there are several fluctuant points for TE modes, which is caused by the periodical resonant effect. It is discovered that there exist periodic air holes on the boundary. When the light propagates, it acts like the quasi-grating and much of the reflected power is coupled to the output power and finally contributes to enhancement in reflective efficiency [34] . For the PCM structure with BP layer at TE mode case, the light scattering is suppressed significantly when compared to that in the PCM structure without a BP layer [see Fig. 6(c) ]. It is noticed that in the TM mode case (see red line), the efficiency of the PCM with a 4-nm-thick BP is lower than that in the TE mode incidence (see black line). It is because the PC lattice exhibits no PBGs for TM mode light, the corner mirror exhibits a higher reflective efficiency for TE mode. In addition, the reflective efficiency above 80% can cover a wavelength range of 1300-1650 nm, which is wider than a silica waveguide [41] . It can support a broadband application in the NIR. The calculations show that the reflective efficiency can be improved in an optimized PCM structure with BP for the TE mode incidence, which can be possible to achieve the polarization-sensitive device based on BP.
Finally, we discuss the experimental implementation of the device based on BP. There are two main problems during the device preparation. The first one is preservation of BP. Some steps need to be taken to protect BP from the air due to its sensitivity to oxygen and water. For instance, all the preparation process should be carried out in the condition of insulating air [42] , such as manufacturing in a glove box. In addition, a passivation layer (e.g., boron nitride) should be formed to prevent degradation of BP. It is worth mentioning that for the device with a thicker BP film, there exists a thin passivation layer caused by self-oxidation [43] . It can help prevent degradation and so the mechanical properties of BP do not change much. The other question is the growth of BP. Actually, in the last few years, lots of breakthroughs in the growth of both bulk and fewlayer BP films [44] - [48] . Therefore, the liquid-phase exfoliation technique can be a good choose to fabricate the few-layer BP film. Moreover, a large-area thin BP film was also reported [49] . In summary, for both two interesting structures, the fabrication of the structures could be realized. By adjusting parameters like lattice period and radius, the PhC could be fabricated through electron beam lithography and inductively coupled plasma etching process. PDMS is used to transfer BP on the PhC structures.
Conclusions
In conclusion, we propose two different structures based on PhC with the assistance of BP. The performance of the two structures are investigated by absorption spectrum and electric intensity distribution. The results indicate that by increasing BP thickness in PCW structure, the absorption in BP can be improved and reach a high value at 36.8%. As for the PCM structure used for bend connection, the reflection efficiency can be improved by optimizing architecture parameters. It can achieve a high reflection efficiency of 94% for a TE mode incidence. We believe that these interesting characteristics of the two structure can promote the development of optoelectronic applications based on BP in the NIR.
